We describe a class of modulator design involving slot waveguides and electro-optic polymer claddings. Such geometries enable massive enhancement of index tuning when compared to more conventional geometries. We present a semi-analytic method of predicting the index tuning achievable for a given geometry and electro-optic material. Based on these studies, as well as previous experimental results, we show designs for slot waveguide modulators that, when realized in a Mach-Zehnder configuration, will allow for modulation voltages that are orders of magnitude lower than the state of the art. We also discuss experimental results for nano-slot waveguides. high-speed silicon optical modulator based on a metal-oxide-semiconductor capacitor," Nature 427, 615-618 (2004). 13. J. J. Whelehan, "Low-noise amplifiers-then and now," IEEE Trans. on Microwave Theory Techniques 50, 806-813 (2002).
Introduction
Optical modulators are fundamental components of optical data transmission systems, serving as the gateway from the electrical to the optical domain [1] . High-bandwidth optical signals can be transmitted through optical fibers with low loss and low latency [2] making optical data transmission an attractive option for many applications. All practical high-speed modulators that are in use today require input voltage shifts on the order of 1V to obtain full extinction [3] , however it is extremely advantageous in terms of noise performance for modulators to operate at lower drive voltages [4] . Many sensors and antennas generate millivolts or less [5] ; as a result it is often necessary to include an amplifier in optical transmission systems, which often limits system performance.
A variety of physical effects are available to produce optical modulation, including the acousto-optic effect [6] and the Pockels' effect, which can be found in materials such as lithium niobate [7] or in poled electro-optic polymers. Other relevant effects include freecarrier plasma-dispersion [8] , electro-absorption [9] , and thermal modulation [10] . For most types of practical optical modulator, the basic designs are similar; a region of waveguide on one or both arms of a Mach-Zehnder interferometer is made to include an optical material that changes its refractive index in response to an external electrical signal. In the case of Pockels' effect devices, voltage is generally introduced to the waveguide region by means of external electrodes. This causes the active region to shift in index slightly, causing a phase delay for photons traveling down one arm of the modulator. When the light in that arm is recombined with light that traveled down a reference arm, the phase difference between the two signals causes the combined signal to change in amplitude. Figure 1 panel A shows a diagram of a conventional Pockels' Effect modulator. The measure of the strength of a modulation effect is the refractive index shift obtained for a given input voltage. Today's best modulators obtain effective index shifts on the scale of 10 -5 for 1 V [3, 11] . This implies that a Mach-Zehnder 1 cm in length, meant to modulate radiation near 1550 nm, would require a halfwave voltage around 2 V. The halfwave voltage, Vπ, is the external input needed for the arms to accumulate a relative phase shift of π . Usually the length-independent product V π -L is reported; typical V π -L values are in the range of 8 Vcm in Silicon [12] , or 6 V-cm for lithium niobate modulators [4] . This voltage-length product is the best figure of merit for examining a novel modulator design; making a modulator physically longer generally trades lower halfwave voltage against reduced operating frequency and higher loss. Because generating both high-speed and high-power signals requires specialized amplifiers [13] , lowering the operating voltage of modulators is extremely desirable, particularly for on-chip integrated electronic/photonic applications (including chip-to-chip interconnects) where operating voltages are limited.
In the case of electro-optic modulation, the actual shift in index of the active material is not proportional to the applied voltage; it is proportional to the electric field induced by this voltage. Therefore, simply moving the drive electrodes closer together will have the effect of enhancing a V π -L for a modulator. However, conventional polymer-based device geometries have typically involved metal or Indium-Tin-oxide electrodes, which must be isolated from the optical mode field [14] . Our proposed class of modulator structures circumvents this limitation by utilizing the fact that a slot waveguide [15] is formed of two distinct silicon ridges. These ridges can be used as a pair of very closely spaced but electrically isolated electrodes. The divergence condition for a TE mode, moreover, causes the optical field to be concentrated in the region between the slots, located in precisely the same place as the field induced by a voltage difference between the two silicon arms.
Using a slot waveguide based electro-optic modulator geometry, we have previously demonstrated ring resonators with substantially better tunability (in Gigahertz per volt) than those built with comparable electrooptic materials in conventional geometries [16] . Here we present a detailed analysis of the manner in which the slot waveguide enhance the modulation effect, and we also present a study of a number of new designs. We find, very surprisingly, that making the slot smaller that the .14 μ m geometry used previously increases the modulation effect, so that the modulation strength is nearly inversely proportional to the size of the gap. This is due to the fact that even for slots as small as .02 μ m that the TE optical mode will still be largely concentrated in the central slot. This implies that nearly an additional order of magnitude in modulation enhancement can be obtained over the performance previously demonstrated. This, combined with recent developments of nonlinear polymers with r 33 values of 130 pm/V [11] and 500 pm/V [17] , suggests that it may soon be possible to build a modulator with a V π -L on the order of 4 mV-cm, and resonators with tunability of .5 THz/V, substantial enhancements over the current state of the art.
Theoretical background

Waveguide susceptibility
The primary design goal of any electro-optic waveguide geometry is to maximize the amount of shift in effective index that will occur due to a given applied voltage. In order to predict this behavior, one must start with knowledge of the modal patterns associated with a given waveguide design. The exact modal patterns for the silicon slot waveguides under consideration can be calculated using a Hermetian eigensolver on the FDTD grid. Once the modal patterns are known from simulation, the shift in effective index due to an index shift in part of the waveguide can be readily calculated. The static electric field due to the two waveguide arms acting as electrodes can be calculated by solving the Poisson Eq.
The nonlinear polymers that have been used with slot waveguides exhibit a local anisotropic shift in their dielectric constant when they are exposed to an electric field. This is characterized by a value known as r 33 , which is a component of the electro-optic tensor [19] . A simplification is appropriate to the case of slot waveguides, where the poling field, the modulation field, and the optical electric field are all nearly parallel. In this case, r 33 is defined as: (1) That is, a shift in the bulk index for this particular polarization is defined as a product of r 33 and the modulating electric field. The local shift in relative dielectric constant for the optical frequency, for the TE mode, can then be expressed as: (2) Here n is the bulk refractive index of the nonlinear polymer. We will drop the minus sign in what follows for convenience; the polarity of the r 33 value can always be inverted in the poling process and is therefore arbitrary.
Take the x-y plane to be the plane of the waveguide, while the z direction is the direction of propagation. Imagine that the modulating electric field is non-negligible only in the x direction and uniform. In this case, using perturbation theory [20] , the total shift in effective index for the optical mode can be calculated to be:
The top integral is taken over only regions where the nonlinear polymer has been deposited and the modulating field is present, while the bottom integral should be taken over all space. The particular strength of the polymer, however, is not directly relevant to the waveguide geometry. It is convenient to factor the last term out of Eq. (3). Also, it is the ratio of the dc electric field to the applied voltage V that is most meaningful for a figure of merit. So, we define as the effective index susceptibility: (4) The units of the effective index susceptibility are m -1 . The most useful parameter in characterizing a waveguide that is part of a modulator geometry is the derivative of the effective index with respect to applied voltage. It can be expressed in terms of our figure of merit as: (5) This relationship expresses how much the effective index of the waveguide shifts in response to an applied voltage. Before continuing, it is useful to note an approximate maximum value for Eq. (4); in the case that the mode were contained entirely inside a material of a given index, we would have
. It is in this situation that the mode is maximally sensitive to a shift in the waveguide index. Another simplification is possible if the modulating electric field is due to two parallel plates with gap distance g; then
In this situation: (6) This provides a useful approximate upper bound on the effective index susceptibility that we can expect to obtain from any waveguide design. Conventional electrode designs where the optical mode is nearly entirely contained in the polymer often approach this value [14] .
Projecting device performance
Before proceeding, we should consider how the performance of various active devices depends on the derivative of the effective index with respect to voltage. When one arm is positively biased and one arm negatively biased, a Mach-Zehnder modulator has a V π -L given by:
Here k 0 is the free space wavenumber of the optical signal under modulation. Ring resonators have also been used [15] to enable optical signals to be modulated or switched based on a nonlinear polymer being modulated by an external voltage. In this case, the performance of the tunable ring resonator is usually reported in the frequency shift of a resonance peak due to an externally applied voltage. This can be expressed as: 
It is obvious that the tunability of a resonator and the value 1/(V π -L) for a Mach-Zehnder modulator are both proportional to the figure of merit, γ . Thus, increasing the figure of merit will lead to better device performance for both ring and MZI geometries.
Device geometries
Previously realized geometries
It is useful to begin by noting the performance of a conventional polymer modulator device, which was realized by Tazawa et al [14] . By solving for the mode that the specified geometry would support, a γ of .026 μ m -1 is obtained. This is close to a value that can be obtained by the approximate formula (6) . Using the reported r 33 value of 33 pm/V, one can then predict from (5) and (8) that about 1 GHz/V of tuning should be obtained, which was in fact observed. A diagram of the optical mode pattern and the modulating electric field for this geometry is shown in Fig. 3 .
This can be compared to our previous results [18] , where a γ of .4 μ m -1 was obtained based on a slot of .14 μ m. Because of this enhanced figure of merit compared to the conventional geometry, a tuning of 5.2 GHz/V was observed. This corresponds to an r 33 of 22 pm/V (which was incorrectly reported in our previous paper as being approximately 50-100 pm/V due to a calculation error; the values reported for tunability, however, are correct. The authors regret the error). The benefit of the slot waveguide is apparent; for even a somewhat inferior modulation material, more tuning is obtained.
Proposed geometries
Motivated by the enhancement observed due to a slot size of .14 μ m when compared to a conventional geometry, we performed a theoretical exploration of various slot waveguide designs. In particular, we were interested in seeing if further enhancement of tuning could be obtained on the basis of geometry. We explored narrowing the slot, making the slot arms taller, and even adding several slots. Our initial expectation was that the performance could not be increased much by narrowing the gap of the slot waveguide. Even though a given voltage would lead to a larger modulating field for the narrower gaps, we believed that the modal pattern would no longer have as good an overlap with the modulated material, and that there would turn out to be some optimum design which balanced the two effects.
Surprisingly, for the TE optical mode, this is not the case. For even very narrow gaps, on the order of 20-40 nm, the optical mode is still largely contained in the region between the two arms. This is due to the sharp discontinuity in the horizontal electric field due to the divergence free nature of the displacement electric field. As a result, the figure of merit, which is linearly proportional to the strength of the modulating field, increases in a fashion roughly inversely proportional to the gap size.
It is important to note a limitation in the analysis of these waveguides; because the modes cannot be solved analytically, the accuracy of the solution is limited by the discretization used in the numerical mode solver. We use a mode solver that has a uniform grid, with a minimum discretization of 5 nm used for the smallest slots. It is possible that there is some error in the solved mode pattern for the smallest slots that we have studied. However, as will be seen, there is a clear trend that starts with even larger slot waveguides, where the solved mode pattern is more accurate. ; about two orders of magnitude better than the figure of merit for the conventional modulator design with external electrodes. If we combine this value with a nonlinear polymer of r 33 =500 pm/V, we obtain ∂ n eff /∂V=.01 V -1 . This level of tunability would lead to a Mach-Zehnder with a V π -L of 4 mV-cm, and a resonator with tunability of .5 Thz/V. This design is shown in Fig. 3 , along with the more conventional electrode geometry used by Tazawa et al [14] . One might doubt, incidentally, that a nonlinear polymer, however active, could change its effective index by as much as is implied by this figure. We stress that the actual driving voltage would probably be less than a volt in such an instance, and so the actual modulating electric field experienced by the polymer would not be much different from what is present in today's larger devices. The maximum drive voltage will be determined by the breakdown field in the polymer, which is typically approximately 300 V/μm. This implies for a 20 nm gap a maximum drive voltage of 6 V.
We have recently demonstrated empirically that slot sizes of around 70 nm can be fabricated in 110 nm SOI as ring resonators with electrical contacts, as shown in Fig. 4 . These waveguides would have figures of merit about a factor of 2 higher than we have previously achieved with 140 nm slots. A Q of around 8k has been obtained, which, when combined with the massive amounts of tuning we expect, should prove sufficient for many applications. The Q does not approach the value we have obtained with non-electroded slotted ring resonators due to excess loss from the electrical contacts. The same electrode geometry was used as in our previous result [16] . We have also confirmed through electrical measurements that the two halves of the slots are largely electrically isolated. For further information concerning the coupler apparatus used and the specifics of a slot ring resonator, the reader is referred to [23] . Work is currently underway to fabricate and characterize the optical performance of slot ring resonators with slot widths at and below 40 nm. Lastly, we would note the possibility of constructing even narrower slot waveguides, on the scale of 1-5 nm in thickness, by using epitaxial techniques to grow a horizontal slot structure with an active, insulating material, with silicon beneath and above. Such structures offer the possibility of yet another order of magnitude of improvement in the low-voltage performance of modulators. Here we should also mention that we anticipate our slot structures to be fairly robust even in the presence of fabrication errors. Fabrication imperfections may cause some of the narrower slots to have tiny amounts of residual silicon or oxide in their centers, or to even be partially fused in places. As long as electrical isolation is obtained, and the optical loss is acceptable, we would expect the slot performance to decrease only in a linear proportion to the amount of the slot volume that is no longer available to the nonlinear polymer cladding.
Electrical considerations
As we have shown empirically, silicon can be doped to about 0.025 Ω -cm resistivity with an n-type dopant while only increasing losses approximately 5 dB/cm [16] . Other dopants or perhaps other high index waveguiding materials may have even higher conductivities that can be induced, without significantly degrading optical performance. However, it is known that the conductivity cannot be increased endlessly without producing substantial optical loss.
This naturally presents a serious challenge for the issue of driving a slot waveguide of any substantial length. Consider a slot waveguide arm of length 1 mm, formed of our optimal design. The capacitor formed by the gap between the two electrodes is about .25 pF. The 'down the arm' resistance of the structure, however, is 4 MΩ. Therefore, the turn-on time of an active waveguide based on this is about .1 μ S, implying a 10 MHz bandwidth. Analogous limitations will be encountered in tunable ring resonators.
A solution to this problem is presented by contacting the waveguide via half-etched, continuous contacts on either side of the waveguide or by using a segmented waveguide. While the former has the advantage of theoretical simplicity and potentially better performance, it would require several different high resolution lithography steps in a single process. The segmented approach consists of contacting the two silicon ridges with a series of silicon arms, and can be done with a single lithographic step. Even though the silicon arms destroy the continuous symmetry of the waveguide, for the proper choice of periodicity minimal excess loss occurs, and the mode is not substantially distorted, as can be shown via simulation. We have previously demonstrated empirically that electrical contact can be formed for non-slotted waveguide via segmentation with relatively low optical losses [21] . We have very recently demonstrated the same thing with slotted waveguides; with the choice of a proper periodicity, both sides of the slotted waveguide can be contacted quasicontinuously in a single lithographic layer to a metal lead, leading to intrinsic RC turn-on times in the hundreds of gigahertz. We have built and tested such structures, and found them to have low losses, and will describe the results in detail in a forthcoming article [22] .
Conclusions
We have presented a series of slot waveguide designs that have been chosen to allow modulation based on an electro-optic polymer cladding. Some of our less optimal, previously published, designs have already been realized and showed nearly an order of magnitude improvement in resonance tunability when compared to conventional electrode geometries. Our best predicted designs show a further order of magnitude enhancement. This is a surprising outcome, since it it not intuitive that making slots narrower would provide better modulation performance even as the slots become far-subwavelength. However, the continuity conditions on the fields dictate that a substantial fraction of the field remains even in these nanoscale slots, making them ideal for constructing ultra-low V π electrooptic modulators. We also note that that our designs do not require a nonlinear polymer per seany electro-optic material that can be conformally coated or otherwise placed in a slot as shown in this paper would work. The only requirements are that the index of the material must be low, and the electrical resistance must be high.
When combined with the large electro-optic coefficients that have recently been realized with nonlinear polymers, our results suggest that millivolt-cm scale V π -L modulators are now possible.
